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ABSTRACT 


/ 

-Ji 

It  is  generally  accepted  by  many  scientists  that  a  cause-effect 
relationship  exists  between  solar  activity  and  weather.  Statistical 
evidence  is  provided  to  support  this  concept;  atmospheric  electricity 
and  stratospheric-tropospheric  exchange  are  highlighted.  Although  many 
accept  the  idea,  there  are  those  who  are  skeptical  about  such  a 
relationship  because  no  definite  physical  mechanism  exists  between  the 
two.  This  is  a  topic  of  much  discussion  and  debate.  It  is  believed 
that  the  shielding  of  the  Earth  from  galactic  cosmic  rays  during 
increased  periods  of  solar  activity  plays  a  key  role  in  the  process. 
Several  of  the  mechanisms  discussed  rely  on  this  concept.  The  emphasis 
will  be  on  the  atmospheric  electrical  mechanism  since  it  has  received 
much  of  the  attention  in  this  area.  On  the  topic  of  the  atmospheric 
electrical  mechanism,  two  hypotheses  are  presented:  those  of  Markson 
and  Hale.  Finally,  the  stratospheric-tropospheric  exchange  mechanism 
is  introduced.  This  mechanism  is  similar  to  the  atmospheric  electrical 
mechanism  in  that  it  also  depends  on  the  possible  modulation  of  the 
thunderstorm  generator  by  solar  activity.  Tropopause  folding  events 
are  presented  as  a  vital  link  in  the  stratospheric-tropospheric 


exchange  mechanism 
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Chapter  1 
INTRODUCTION 

1.1  Background 

Evans  (1982)  defines  solar-terrestrial  relationships  as  the 
response  of  the  Earth's  upper  atmosphere,  ionosphere  and  magnetosphere 
to  the  Sun's  energy  and  its  variations.  However,  this  paper  will 
extend  this  definition  to  include  the  response  of  the  middle  and  lower 
atmosphere  as  well.  More  specifically,  this  paper  treats  the  coupling 
of  ionospheric  and  tropospheric  responses  to  solar  activity,  including 
sunspots,  solar  magnetic  sector  structure,  solar  flares,  and  their 
effects  on  galactic  cosmic  rays. 

It  has  been  determined  that  solar  heating  is  essentially 
"constant”  since  it  varies  by  only  a  few  tenths  of  one  percent  over 
several  days  (Evans,  1982).  Most  of  the  energy  ( -  95%)  reaching  the 
Earth's  surface  is  within  the  visible  and  infrared  wavelengths.  The 
energy  emitted  by  the  ultraviolet  and  X-ray  portion  of  the  spectrum 
(-  5%)  never  reaches  the  Earth's  surface  (with  the  exception  of  the 
near  ultraviolet  at  3UOU-3800A)  but  is  absorbed  in  the  middle 
atmosphere  and  higher.  However,  it  is  this  portion  of  the  spectrum 
that  becomes  important  when  dealing  with  solar  activity.  How  then  does 
solar  activity  affect  the  weather? 

The  question  presented  above  is  one  that  is  not  easily  answered. 
The  relationship  between  solar  activity  and  meteorological  phenomenon 
has  certainly  been  well  documented  statistically.  The  uncertainty 
in  the  relationship  arises  because  physical  mechanisms  linking  solar 


activity  to  weather  are  lacking.  There  are  many  theories  dealing  with 
linking  mechanisms.  The  problem  is  finding  mechanisms  that  can  modify 
tropospheric  processes.  The  amount  of  the  energy  from  solar  activity 
reaching  the  troposphere  is  negligible  compared  to  the  energy  needed  to 
drive  the  processes  (the  solar  constant).  For  this  reason,  many 
scientists  are  skeptical  about  the  effects  of  solar  activity  on 
weather. 

1.2  Outline  of  Paper 

In  Chapter  2,  several  statistical  relationships  between  solar 
activity  and  meteorological  phenomenon  are  presented.  In  addition,  a 
few  of  the  proposed  mechanisms  linking  extraterrestrial  forcing  to 
weather  are  discussed  in  that  chapter. 

Chapter  3  provides  a  more  indepth  look  at  two  proposed  linking 
mechanisms:  atmospheric  electricity  and  stratospheric-tropospheric 
exchange.  A  discussion  of  each  topic  is  presented  to  introduce  the 
reader  to  the  terminology  involved.  This  is  followed  by  a  section 
providing  statistical  evidence  of  extraterrestrial  forcing  on  both 
parameters.  The  last  section  is  a  discussion  of  each  parameter  as  a 
possible  linking  mechanism  between  extraterrestrial  forcing  and 
weather.  The  emphasis  is  placed  on  the  atmospheric  electrical 
mechanism  since  most  scientists  suggest  this  as  the  most  probable 
linking  mechanism.  The  classical  global  electric  circuit  is  presented 
as  well  as  Ifarkson's  (1978,  1979a,  1983)  concept  of  the  atmospheric 
electrical  mechanism  based  on  the  classical  model.  Hale's  (1983)  model 
is  also  presented  to  further  emphasize  the  variety  of  ideas  involved 


3 


when  dealing  with  not  only  the  atmospheric  electrical  mechanism  but 
with  Sun/weather  linking  mechanisms  in  general.  Finally,  the 
stratospheric-tropospheric  exchange  mechanism  is  introduced,  as  Herman 
and  Goldberg  (1978b)  suggest.  Their  idea  is  then  modified  to  include 
tropopause  folding  as  a  more  appropriate  trigger  for  this  mechanism. 


Chapter  2 


REVIEW  OF  EXTRATERRESTRIAL  FORCING 

2.1  Evidence  for  a  Sun/Weather  Connection 

There  have  been  many  statistical  correlations  presented  relating 
solar  activity  and  meteorological  parameters.  Wilcox  (1974)  reviews 
several  of  these  relationships.  In  addition,  a  few  others  not 
mentioned  by  Wilcox  will  be  discussed.  (Since  much  of  the  work  in 
solar-terrestrial  research  deals  with  solar  magnetic  sector  boundaries, 
further  discussion  on  this  topic  can  be  found  in  the  appendix.) 

Wilcox  et  al.  (1973)  found  a  10%  variation  in  the  amplitude  of  the 
300-mb  low  pressure  trough  vorticity  area  index  (VAI),  a  measure  of  the 
intensity  of  cyclonic  circulations.  The  VAI  reaches  a  minimum  one  day 
after  solar  sector  boundary  passage,  increasing  thereafter  to  a 
maximum  on  the  fourth  day  after  boundary  passage  (Fig.  1). 

The  results  of  Wilcox  were  an  extension  of  the  work  of  Roberts  and 
Olsen  (1973b)  on  VAI  and  geomagnetic  activity.  Their  results  indicated 
a  subsequent  deepening  of  300-mb  troughs  moving  into  or  forming  in  the 
Gulf  of  Alaska  two  to  four  days  after  a  sharp  rise  in  geomagnetic 
activity  than  for  troughs  preceded  by  a  geomagnetically  quiet  period 
(Fig.  2).  Schuurmans  and  Oort  (1969)  also  investigated  tropospheric 
circulation  but  in  connection  with  solar  flares.  The  study  deals  with 
average  height  changes  of  several  constant  pressure  levels  in  the 
troposphere  and  lower  stratosphere  following  strong  solar  flares.  The 
analysis  period  runs  from  July  1957  through  December  1959  and  covers  the 


Days  from  sector  boundary 


Average  response  of  the  vorticity  index  to  the  solar 
magnetic  structure.  Sector  boundaries  were  carried 
past  the  Earth  by  the  solar  wind  on  day  0.  The 
analysis  includes  S3  boundaries  during  the  winter 
months  November  to  March  in  the  years  1964  to  1970. 

The  standard  error  of  the  mean  (error  bar)  was 
calculated  after  subtracting  a  27-day  mean  centered  on 
each  sector  boundary  to  remove  long-term  trends.  The 
deviations  corresponding  to  the  individual  boundaries 
are  consistent  with  a  normal  distribution  about 
the  mean  (Wilcox  et  al.,  1973). 
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Figure  2  Mean  vorticity  area  index  for  troughs  preceded  b 
sharp  rise  in  geomagnetic  activity  (key  troughs) 
for  troughs  preceded  by  a  geomagneticaliy  quiet 
ten-day  period  (non-key  troughs).  The  "O-day”  i 
day  of  first  appearance  of  the  trough  in  the  Gul 
Alaska  region  (Roberts  and  Olsen,  1973b). 


Northern  Hemisphere  north  of  10°N.  Some  characteristics  of  the  height 
changes  indicate: 

(1)  a  maximum  response  near  the  tropopause 

(2)  significant  height  changes  of  the  500-mb  level  at  all 
latitudes 

(3)  the  changes  are  well  established  within  six  hours  after  the 

flare 

(4)  the  strongest  reaction  pattern  occured  in  the  winter  sample. 

The  dependence  of  drought  and  growing  season  (the  portion  of  the 

year  when  the  daily  averaged  air  temperature  at  1.25  meters  above 
ground  exceeds  5.6°C)  on  the  sunspot  cycle  presented  by  King  (1973) 
indicates  a  correlation  between  temperature  and  the  sunspot  cycle.  The 
results  of  his  investigation  reveal  an  increase  in  the  growing  season 
at  Eskdalemuir,  Scotland  on  the  average  to  be  approximately  25  days 
longer  near  sunspot  maximum  than  at  sunspot  minimum  (Fig.  3).  By 
comparing  the  length  of  the  growing  season  to  the  day  number  the  season 
began  and  ended  (the  first  and  last  day  of  the  year  the  temperature 
reached  5.6°C),  King  concluded  that  the  sunspot  cycle  influences  the 
temperatures  in  spring  rather  than  autumn.  King  also  compared  the 
smoothed  sunspot  cycle  to  the  comprehensive  temperature  measurements  of 
Starr  and  Oort,  and  found  the  decline  in  the  temperatures  from  May  1958 
to  April  1963  was  highly  correlated  with  the  smoothed  sunspot  cycle 
(Fig.  4). 

On  further  examination,  King  found  a  correlation  between  the 


sunspot  cycle  and  the  monthly  rainfall,  totals  of  Wales-Smith  from 
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Smoothed  variations  of  monthly  temperature  residuals 
show  a  declining  trend  in  the  average  temperature  of 
the  lower  atmosphere  in  the  Northern  Hemisphere.  Also 
plotted  are  the  smoothed  variations  of  the  monthly 
mean  sunspot  numbers.  The  two  points  at  the  beginning 
and  the  end  of  the  temperature  curve  are  not  neces¬ 
sarily  quite  accurate.  The  smoothed  sunspot  numbers 
are  the  conventional  lZ-month  running  means.  •, 
temperatures;  - ,  sunspot  numbers  (King,  1973). 


Smoothed  monthly  mean  sunspot  number 


1697-1970  at  Kew,  England.  The  results  are  as  follows: 

(1)  the  driest  winters  appeared  to  be  associated  with  low  sunspot 
numbers . 

(2)  the  driest  springs,  summers  and  autumns  occurred  during  high 
solar  activity. 

(3)  abnormal  winter  and  annual  rainfalls  occurred  around  sunspot 
minimum. 

(4)  the  wettest  springs  occurred  at  sunspot  minimum  and  the  driest 
springs  tended  to  occur  around  sunspot  maximum. 

In  addition  to  these  results,  he  also  detected  a  high  negative 
correlation  between  sunspot  numbers  and  rainfall  at  Beirut  (as 
reported  by  Winstanley  (1973)  during  the  winter-spring  seasons  for 
1951-1969)  (Fig.  5).  Certainly,  this  is  only  a  few  of  the  many 
correlations  that  have  been  observed.  The  point  is,  as  King  (1974) 
states  it,  "Even  the  most  skeptical  scientist  who  investigates  the 
literature  thoroughly  will  be  forced  to  concede  that  important  aspects 
of  lower-atmosphere  behavior  are  associated  with  solar  phenomena 
ranging  from  short-lived  events  such  as  solar  flares,  through  27-day 
solar  rotations  to  the  11-year,  22-year  and  even  longer  solar  cycles." 
The  following  topics  will  further  develop  the  role  of  solar  activity  in 
Sun/weather  relationships. 

2.2  Several  Proposed  Coupling  Mechanisms 

The  statistical  findings  presented  in  the  previous  section 
certainly  indicate  a  possible  link  between  solar  activity  and  weather. 
The  problem  is  as  Markson  (1979a)  states  it,  "there  is  no  obvious 
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physical  mechanism  to  explain  the  findings."  There  has  been  much 
speculation  over  the  linking  mechanism.  A  review  of  several  proposed 
mechanisms  will  be  presented  here.  Chapter  3  focuses  on  the 
atmospheric  electrical  and  the  stratospheric-tropospheric  exchange 
mechanisms . 

Evans  (1982)  discusses  three  possible  mechanisms  that  have  been 
suggested.  One  of  the  mechanisms  proposed  by  Volland  (1979)  and 
discussed  by  Evans  deals  with  the  27-day  variation  of  the  solar 
radiation  reaching  the  ground.  The  coupling  mechanism  Volland  proposes 
suggests  an  alteration  of  the  stratospheric  wind  and  temperature 
profile  or  a  change  in  the  albedo  as  a  result  of  the  enhanced  solar 
radiation  absorbed  in  the  stratosphere.  These  changes  would  affect 
the  planetary  wave  propagation  within  the  troposphere.  Volland  feels 
this  mechanism  may  be  responsible  for  the  long  term  effects  on  the 
weather  (time  scales  on  the  order  of  a  month  or  longer)  since  the 
ultra-long  waves  are  important  in  the  total  poleward  transport  of  heat 
in  the  northern  mid-latitude  winter. 

A  second  mechanism  treats  the  production  of  NO  molecules  in  the 
stratosphere  at  high  atitudes.  The  transport  of  NO  to  lower  latitudes 
and  altitudes  by  winds  and  diffusion  affects  the  concentration  of 
ozone.  The  proposal  is  for  modulation  of  the  solar  ultraviolet 
radiation  reaching  the  ground  by  variations  in  the  ozone  layer 
concent  rat ’ on.  This  leads  to  changes  in  heating  and  temperature  and 
finally  to  changes  in  atmospheric  circulation  patterns.  The  section  on 
stratospheric-tropospheric  exchange  will  address  the  NO-ozone  topic 


The  third  mechanism  presented  by  Evans  is  based  on  atmospheric 
electrical  properties.  This  hypothesis  states  that  changes  in  the 
electrical  conductivity  modulate  the  strength  of  the  fair-weather 
electric  field  produced  by  thunderstorms.  There  are  several  schools 
of  thought  on  the  atmospheric  electrical  mechanism.  Two  models  will 
be  presented  in  that  section,  those  of  Markson  (1978,  1979a,  1983)  and 
Hale  (1983). 

Still  another  proposed  mechanism  is  cirrus  cloud  shielding 
(Roberts  and  Olsen,  1973a, b).  High  energy  solar  corpuscles  produce 
ionization  down  to  the  300-mb  level  and  below  either  directly  or  by 
secondary  (Bremsstrahlung)  radiation.  The  atmospheric  ions  produced 
then  act  as  additional  condensation  nuclei  to  form  cirrus  clouds. 
Roberts  and  Olsen  suggest  a  1°C  per  day  increase  in  temperature  in  the 
upper  troposphere  during  the  high  latitude  winter  over  a  relatively 
warm  ocean  surface  is  likely.  The  heating  results  from  the  absorption 
of  infrared  radiation  emitted  from  the  Earth.  Such  an  increase  could 
again  lead  to  changes  in  the  atmospheric  circulation. 

Ionization  by  galactic  cosmic  rays  is  the  process  in  the  lower 
atmosphere  most  dependent  on  solar  activity.  For  this  reason, 
ionization  by  galactic  cosmic  rays  in  the  lower  atmosphere  is  a  concept 
often  addressed  in  connection  with  coupling  mechanisms.  This  will 
become  evident  as  the  following  <  >pter  is  presented. 


Chapter  3 


FURTHER  EVIDENCE  FOR  A  SUN/WEATHER  CONNECTION 

3.1  Atmospheric  Electricity 
3.1.1  Introduction 

Many  scientists  feel  that  atmospheric  electricity  is  the  link 

between  solar  activity  and  weather.  Thus,  it  is  essential  to  identify 

the  effects  of  solar  activity  on  atmospheric  electrical  properties  and 

to  discuss  the  atmospheric  electrical  mechanism.  However,  a  discussion 

identifying  the  atmospheric  electrical  properties  to  be  considered  in 

this  section  precedes  the  aforementioned  topics. 

Two  fields  must  be  considered  when  describing  the  global  electric 

circuit;  the  fair-weather  and  storm-generated  electric  fields  (Pierce, 

1986).  The  fair-weather  atmosphere  is  at  a  positive  potential  (V)  with 

respect  to  the  Earth,  increasing  with  height  above  the  Earth's  surface. 

The  potential  gradient  is  positive  and  the  electric  field  (E)  is  the 

negative  of  the  potential  gradient  and  thus,  it  is  negative  and  points 

/ 

in  the  direction  positive  charge  moves.  The  electric  field  at  the 
Earth's  surface  under  polluted  conditions  is  E0  -  -100  Vm-^  with  the 
corresponding  bound  charge  a0  -  -9  x  10-^  Cm-^. 

The  lower  atmosphere  is  weakly  conducting  due  to  the  ions  produced 
by  ground  radioactivity,  radioactive  gases  and  cosmic  rays.  The 
conductivity  increases  approximately  logarithmically  with  height  up  to 
40  km.  Above  40  km  the  increase  in  conductivity  with  height  is  more 
pronounced  because  the  effects  of  free  electrons  become  significant 
due  to  both  a  solar  ultraviolet  ionization  source  and  local  effects  on 


ion  composition  and  recombination  rates.  For  unpolluted  conditions, 
the  surface  electrical  conductivity  is  A0  ~  3  x  10“^  mhom--*-  and  the 
current  density  is  j  =  A0x  E0  -  -3  x  10~12  Am-^,  carrying  positive 
charge  into  the  Earth's  surface.  From  Table  1,  the  magnitude  of  the 
air-Earth  current  (I  =  V/R,  where  R  is  the  columnar  resistance)  is 
approximately  constant  with  altitude  (3  x  10~12  Am~2).  The  positive 
charge  carried  to  the  Earth's  surface  should  neutralize  the  bound 
charge  in  approximately  300  seconds  (Pierce,  1986),  However,  this  is 
not  the  case  as  the  Earth  retains  its  negative  charge.  It  is  for  this 
reason  that  the  storm-generated  electric  fields  must  be  considered  in 
the  global  circuit. 

According  to  the  global  circuit  concept  (Pierce,  1986),  a 
thunderstorm  transfers  positive  charge  toward  the  conducting  upper 
atmosphere  (Fig.  6).  The  charge  is  distributed  laterally  to  the 
fair-weather  regions.  Thus,  thunderstorms  act  as  generators  supplying 
the  driving  potential  for  the  fair-weather  currents.  The  average 
current  per  storm  is  aproximatley  0.7  amps  toward  the  electrosphere. 

In  addition,  there  is  an  exchange  of  electricity  with  the  Earth 
below  the  cloud.  The  three  main  processes  responsible  for  this 
exchange  are: 

(1)  cloud-to-ground  lightning 

(2)  point  discharge  and  conduction  currents 

(3)  precipitation. 

The  average  current  per  storm  from  these  three  processes  is  estimated 
to  be  about  one  amp  to  the  ground.  The  discrepancy  between  the 
currents  above  and  below  the  cloud  indicates  possible  leakage  and 
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Table  1  Representative  values  of  the  fair-weather  electrical 


parameters  (Pierce,  1986). 


Figure  6  An  illustration  of  the  classical  global  circuit  model 

(Pierce,  1986). 


losses  within  the  thunderstorm.  On  the  average,  there  are  about  2,000 
thunderstorms  active  simultaneously  over  the  Earth's  surface;  each 
storm  generates  about  one  amp.  Hence,  about  2,000  amps  are 
continuously  generated  from  all  global  thunderstorms.  This  roughly 
balances  the  fair-weather  current  integrated  over  the  Earth's  surface. 
Therefore,  consideration  of  the  storm-generated  electric  fields  is 
necessary  to  explain  the  excess  negative  charge  on  the  Earth's  surface 
and  to  produce  a  balance  of  currents.  Statistical  evidence  of 
extraterrestrial  forcing  on  the  atmospheric  electrical  properties 
described  here  will  be  presented  in  the  next  section. 

3.1.2  Statistical  Evidence  for  an  Atmospheric  Electrical 
Connection 

The  measurements  of  air-Earth  conduction  current  (I)  and  electric 
field  (E)  during  fair  weather  by  Cobb  (1967)  at  Mauna  Loa  Observatory, 
Hawaii  (3400  m  asl)  usually  increased  following  periods  of  solar  flare 
activity.  These  measurements  confirmed  the  earlier  investigations  of 
Bauer  in  1924  and  Reiter  in  1964.  The  measurements  were  taken  over  a 
one-year  period  from  September  1960  to  September  1961,  with  one-third 
of  the  days  considered  disturbed  solar  days  due  to  solar  flare 
activity.  The  measurements  were  made  above  the  mixing  layer, 
preventing  large  fluctuations  of  the  fair-weather  electrical  parameters 
due  to  space  charges.  The  values  of  the  air-Earth  conduction  current 
(l)  and  the  electric  field  (E)  for  "quiet  and  disturbed  solar  days” 
(Cobb,  1967)  were  an  average  taken  over  the  one-year  period.  The 
average  values  of  these  parameters  were  found  to  be  about  10%  larger  on 
the  disturbed  solar  days  than  on  quiet  solar  days.  For  80%  of  the 


flares,  the  air-Earth  current  density  increased  during  the  first  24 
hours  following  a  flare  (Fig.  7). 

Of  greater  significance  was  the  occurrence  of  solar  flares  in 
July  1961.  During  the  last  twenty  days  of  the  month,  twelve  flares 
occurred.  The  air-Earth  current  and  electric  field  reached  their 
highest  values  of  the  year  and  exceeded  the  normal  24  hour  values  by 
35%.  On  July  15,  the  air-Earth  current  density  exceeded  the  normal 
value  by  75%  in  one  six-hour  period!  Cobb  suggests  that  it  is  indeed  a 
result  of  solar  flare  activity  and  not  the  global  thunderstorm 
distribution.  He  concludes  that  the  suggestion  concerning  the 
association  of  large  values  of  the  air-Earth  current  to  the  "natural 
abundance  of  thunderstorm  activity  during  the  Northern  Hemisphere 
summer"  cannot  be  responsible  for  the  high  air-Earth  current  densities 
in  July  1961.  Even  though  July  is  the  peak  thunderstorm  month  for  the 
Northern  Hemisphere,  likewise  January  is  the  peak  thunderstorm  month 
for  the  Southern  Hemisphere,  but  no  flares  were  observed  in  January 
1961  and  the  air-Earth  current  density  was  mostly  below  normal  for  the 
month.  An  alternate  idea  for  this  increase  in  current  density  and 
fair-weather  electric  field  will  be  discussed  in  the  section  on 
stratospheric-tropospheric  exchange . 

Reiter  (1972)  also  confirms  the  existence  of  a  correlation  between 
solar  flares  and  the  fair-weather  electric  field  (E)  and  air-Earth 
current  (I).  Measurements  of  E  and  1  for  five  periods  in  1968  and  1969 
were  used  in  the  study.  The  measurements  were  made  at  Zugspitze  peak 
(3000  m  asl)  in  the  Bavarian  Alps.  As  was  the  case  for  Mauna  Loa, 
the  measurements  were  made  above  the  mixing  layer.  The  results  of  this 
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study  showed  a  10-30%  increase  in  E  and  I  three  to  four  days  after  the 
flare  event.  This  is  in  agreement  with  the  travelling  time  from  Sun  to 
Earth  required  of  particles  travelling  with  the  solar  wind  velocity. 
Similarly,  Sartor  (1980)  discovered  a  correlation  between  flare  events 
and  the  air-Earth  current  and  the  electric  field.  Upon  re-examination 
of  the  atmospheric  electrical  data  taken  on  Niwot  Ridge,  Colorado 
(3744  m  asl)  from  1966  through  1968,  Sartor  found  an  increase  in  the 
electric  field  strength  one  day  after  flare  occurrence  with  the  maximum 
occurring  three  to  four  days  after  flare  occurrence  (Fig.  8a, b). 

Reiter  (1977a,  1979a)  investigated  the  relationship  of  solar 
sector  boundary  passages  to  atmospheric  electrical  properties  (E  and 
I).  The  measurements  of  E  and  I  were  taken  from  May  1964  to 
February  1975  during  fair-weather  days  on  Zugspitze  peak.  The  results 
were  as  follows: 

(1)  a  significant  increase  in  E  and  I  one  day  after  the 
towards /away  (-/+)  boundary  passage 

(2)  a  decrease  of  E  and  I  prior  to  the  away/towards  (+/-)  boundary 
passage  and  a  significant  increase  on  the  day  of  the  passage. 

When  the  solar  sector  boundary  data  is  divided  into  years  of  maximum 
and  minimum  solar  activity,  the  results  are  more  pronounced  during 
periods  of  maximum  solar  activity  despite  the  reduction  of  data.  The 
results  were: 

(1)  a  20-30%  increase  in  E  and  I  one  day  after  the  towards/away 
passage.  A  more  significant  increase  than  when  all  the  data  was 


considered 


Figure  8  (a)  Nine  cases  of  consecutive  days  (81  total  days) 

with  fair  weather  selected  from  the  408-day  sample. 
The  reference  day  is  an  actual  flare  day.  (b)  Same 
as  (a)  except  that  the  reference  day  is  chosen 
randomly  (Sartor,  1980). 
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(2)  for  the  away/towards  passage,  the  increase  was  approximately 
the  same  as  when  all  the  data  was  considered  (a  15%  increase)  and  the 
increase  still  occurred  on  the  day  of  the  passage. 

The  report  of  Park  (1976)  is  of  interest  since  his  results  were 
different  from  those  of  Reiter.  Park  obtained  atmospheric  electric 
field  measurements  at  Vostok,  Antarctica  (3488  m  asl)  which  is  located 
at  the  southern  geomagnetic  pole.  His  investigation  showed  a  15% 
decrease  in  the  electric  field  one  to  three  days  following  a  boundary 
passage  (Fig.  9).  The  data  also  indicated  a  seasonal  variation,  with 
the  electric  field  larger  during  the  Southern  Hemisphere  winter  than 
during  the  equinoxes  (Fig.  10).  Although  the  difference  in  Reiter's 
and  Park's  results  are  not  clear,  Herman  and  Goldberg  (1978a)  suggest 
some  ideas  for  the  difference.  The  first  possibility  may  be  the  small 
data  sample  used  by  Park  compared  to  the  11-year  sample  used  by  Reiter 
while  a  second  possibility  is  that  of  a  latitudinal  effect.  Another 
reason  for  the  difference  may  be  that  the  locations  used  were  in 
opposite  hemispheres  and  thus,  the  response  lag  is  dependent  on  the 
"difference  in  coupling  of  the  IMF  to  the  geomagnetic  field  during 
different  dominant  solar  field  direction  periods”.  The  next  subject 
deals  with  extraterrestrial  forcing  on  thunderstorms.  This  will  give 
a  clearer  picture  of  the  thunderstorm-atmospheric  electrical 
connection  before  discussing  the  proposed  atmospheric  electrical 
linking  mechanism. 

Many  forms  of  extraterrestrial  forcing  have  been  identified  with 
thunderstorm  activity  over  the  past  15-20  years.  The  effects  of  solar 


flares  on  thunderstorm  activity  are  considered  first.  Using  the 
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electric  field  measurements  of  Cobb  and  Reiter  and  the  thunderstorm 
data  from  Lethbridge,  Markson  (1971)  found  an  increase  in  thunderstorm 
activity  three  to  four  days  after  solar  flares.  Markson  indicated  the 
probable  cause  is  "solar  cosmic  rays"  (the  high  energy  component  of 
solar  corpuscular  radiation  consisting  mostly  of  protons).  The  solar 
cosmic  rays  are  able  to  penetrate  deep  into  the  atmosphere  thereby 
modulating  the  Earth's  electric  field  or  creating  secondary  cosmic 
radiation  which  could  penetrate  deeper  into  the  atmosphere,  increasing 
the  fair-weather  electric  field  near  the  ground.  The  results  of 
Bossolasco  (1973a)  were  similar  to  those  of  Markson.  Bossolasco  found 
thunderstorm  activity  over  the  Mediterranean  area  to  be  correlated  with 
solar  corpuscular  radiation  emitted  by  strong  solar  flares  (those 
Ha-flares  with  an  importance  of  two  or  greater)  during  the  time  period 
from  1961  to  1971.  The  daily  planetary  geomagnetic  index,  Ap  (a 
measure  of  the  solar  corpuscular  activity  emitted  by  the  flare),  was 
compared  with  thunderstorm  activity  (Fig.  11).  The  results  showed  an 
increase  in  the  Ap  index  after  strong  solar  flares,  reaching  a  maximum 
on  the  third  day,  while  thunderstorm  activity  showed  an  increase  on  the 
third  and  fourth  day  (by  almost  38%  and  55%,  respectively)  following 
the  flare. 

Markson  (1971)  also  proposed  the  solar  sector  boundary  passage 
relationship  to  thunderstorm  activity.  He  discovered  that  thunderstorm 
activity  maximized  when  the  Earth  crossed  from  a  positive  sector  to  a 
negative  sector.  On  further  examination,  it  is  noted  that  "most  of  the 
increase  in  thunderstorms  for  the  positive  sectors  came  from  only  one 
of  the  two  which  had  contained  a  long-lived  stream  of  solar  protons" 
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Figure  11 


Superposed  epoch  analysis  of  the  daily  thunderstorm 
activity  (heavy  line)  and  of  the  corresponding 
planetary  geomagnetic  index  Ap  before  and  after  a 
strong  !)a~flare,  assumed  as  key-day  (1961-1971).  The 
number  of  fixes  are  representative  ol  the  thunderstorm 
activity  (Bossolasco,  1973a). 


(Markson,  1971).  Again,  Bossolasco's  (1973b)  results  were  similar.  He 
found  a  correlation  between  the  thunderstorm  activity  over  the 
Mediterranean  area  and  boundary  passage  for  the  1961-1971  data 
(Fig.  12).  The  data  revealed  a  minimum  in  thunderstorm  activity  one 
day  before  a  positive  to  negative  boundary  crossing  the  Earth,  and  a 
maximum  two  days  after  the  crossing.  Lethbridge  (1979)  also  found  a 
correlation  between  solar  sector  boundaries  and  thunderstorm  frequency 
in  the  winter  for  the  eastern  two-thirds  of  the  United  States  from  39°N 
to  45°N  latitude.  Thunderstorm  frequency  maximized  one  day  after 
passage.  More  important,  however,  is  the  work  of  Lethbridge  (1983, 
1986)  dealing  with  galactic  cosmic  rays  and  thunderstorm  activity.  A 
brief  discussion  on  galactic  cosmic  rays  precedes  that  discussion. 

Primary  galactic  cosmic  rays  are  produced  within  our  galaxy. 

Their  energies  range  from  tens  of  MeV  to  hundreds  of  GeV  and  they  are 
nearly  isotropically  distributed  near  the  Earth  (Herman  and  Goldberg, 
1978a).  The  energies  are  more  than  large  enough  to  penetrate  into  the 
atmosphere  where  they  interact  with  atomic  nuclei  to  produce  secondary 
cosmic  rays  which  may  reach  to  the  Earth's  surface.  More  importantly, 
the  interaction  with  atomic  nuclei  produce  on  the  order  of  10^  ions  per 
particle  (Dickinson,  1975).  The  height  where  maximum  ionization  occurs 
is  at  the  point  where  only  1/e  of  the  initial  particle  energy  remains. 
Maximum  ion  production  peaks  at  about  13  km  altitude  (near  the 
tropopause)  at  high  latitudes  and  at  about  13  km  altitude  near  the 
magnetic  equator.  Since  particles  with  energies  less  than  several  GeV 
cannot  reach  equatorial.  Latitudes,  the  ionization  rates  are  lower  at 
the  magnetic  equator  than  at  high  latitudes. 
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Figure  12  Average  response  of  the  thunderstorm  activity  (as 

expressed  by  the  daily  percentage  deviation  of  sferics 
rate)  to  the  IMF  sector  structure  sweeping  past  the 
Earth,  in  t lie  case  of  Earth  crossing  from  an  A-sector 
to  a  C-sector.  (A  =  away  sector,  C  =  toward  sector). 
The  standard  error  of  the  mean  is  indicated  by  an 
error  segment  (Bossolasco,  1973b). 


The  intensity  of  galactic  cosmic  radiation  has  been  shown  to  vary 
inversely  with  solar  activity.  Short-term  variations  in  cosmic  ray 
intensity  have  been  detected  following  solar  flares  (Forbush  decrease) 
and  solar  magnetic  sector  structure  crossings.  Markson  (1971)  mentions 
decreasing  galactic  cosmic  radiation  associated  with  the  11-year 
sunspot  cycle.  Markson  suggests  the  mechanism  responsible  for  the 
decrease  in  cosmic  ray  intensity  is  the  shielding  of  the  Earth  "by  an 
enhanced  solar  plasma  strengthening  the  interplanetary  magnetic  field" 
during  periods  of  solar  activity  (Fig.  13). 

Returning  to  the  investigation  by  Lethbridge,  she  proposes  a 
possible  connection  between  cosmic  rays,  solar  sector  boundaries  and 
thunderstorm  frequency.  A  summary  of  her  results  indicates  a 
significant  increase  in  thunderstorm  activity  almost  three  days  after 
high  cosmic  rays  over  the  eastern  two-thirds  of  the  United  States  from 
39°N  to  45°N  latitude  (Fig.  14a),  and  over  the  eastern  two-thirds  of 
the  United  States  as  a  whole  (Fig.  14b).  Furthermore,  high  latitude 
thunderstorms  were  compared  to  solar  sector  boundary  days  which  had 
high  cosmic  ray  deviations  one  day  before  boundary  passage.  The  result 
was  nearly  the  same  as  in  the  above  situation,  except  the  result  was 
statistically  more  significant. 

However,  these  conclusions  were  in  disagreement  with  those  of  Ney 
(1959).  Ney  hypothesized  that  an  increase  in  solar  activity  decreases 
the  cosmic  ray  flux  and  atmospheric  ionization  leading  to  an  increase 
in  thunderstorm  activity.  Upon  re-examination  of  her  cosmic  ray  data, 
Lethbridge  (1986)  used  days  of  high  values  of  cosmic  ray  deviations 
from  the  annual  mean  which  changed  her  results  significantly.  The 
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Figure  13  Schematic  illustrating  how  an  enhanced  solar  wind 
plasma  shields  the  Earth  from  some  galactic  cosmic 
radiation  (Hess  et  al.,  1965). 
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(a)  Thunderstorm  frequency  index,  THDA,  for  39°N  to 
45°N  latitude  shows  a  maximum  three  days  after  the 
day  of  maximum  cosmic  rays  for  1965-1976  with  N  =  252. 

(b)  THUA  for  the  United  States  shows  a  maximum  three  to 
four  days  after  the  day  of  maximum  cosmic  rays  for 
1956-1976  with  N  =  252  (Lethbridge,  1983). 


maximum  in  thunderstorm  activity  two  to  four  days  after  high  cosmic 
rays  was  not  as  pronounced.  However,  there  was  a  significnt  decrease 
in  thunderstorm  frequency  on  the  day  which  had  high  values  of  cosmic 
ray  deviations  itself.  This  investigation  brings  her  work  in  line  with 
the  hypothesis  of  Ney. 

Furthermore,  Ely's  (1984)  interpretation  of  Lethbridge's  results 
is  based  on  the  strong  cosmic  ray  minimum  that  occurs  after  a  boundary 
passage  preceded  by  a  cosmic  ray  maximum.  Ely  contends  the  increase  in 
thunderstorm  activity  two  to  four  days  after  high  cosmic  rays  coincides 
exactly  with  the  cosmic  ray  minimum.  Ely  suggests  "that  the  cosmic  ray 
decrease  causes  the  lightning  maximum."  Although  this  is  based  on  a 
magnetic  coupling  model,  this  point  will  be  important  when  considering 
the  proposed  stratospheric-tropospheric  exchange  mechanism. 

Finally,  Stringfellow  (1974)  reported  a  correlation  between  the 
11-year  sunspot  cycle  and  the  mean  incidence  of  lightning  in  Britain. 
The  five-year  means  of  the  annual  values  of  mean  lightning  index  and 
the  mean  sunspot  number  (from  1930-1973)  were  positively  correlated 
despite  the  year  to  year  variations  (Fig.  15).  The  amplitude  of 
lightning  incidence  is  ±  30%  of  the  mean  with  an  11-year  period. 

3.1.3  The  Atmospheric  Electrical  Mechanism 

The  advantage  the  atmospheric  electrical  mechanism  has  over  the 
others  is  it  does  not  depend  directly  or  indirectly  on  solar  heating 
as  most  of  the  others  do.  According  to  Markson  (1978),  the  atmospheric 
electrical  mechanism  has  three  distinct  advantages  over  heating  related 
mechanisms.  They  are  as  follows: 


mean  sunspot  number  Annual  lightning  incidence  index 


36 

(1)  energy  -  no  solar  energy  is  required  to  alter  the  Earth's 
electric  field  and  stratospheric  conductivity,  yet  the  mechanism  offers 
the  possibility  of  releasing  and  redistributing  large  amounts  of  energy 
already  in  the  troposphere. 

(2)  coupling  -  the  largest  temperature  variations  due  to  solar 
activity  occur  in  the  upper  atmosphere;  these  may  be  very  weakly  linked 
to  the  troposphere  at  best.  The  atmospheric  electrical  mechanism 
requires  no  coupling  of  energy  from  the  upper  to  the  lower  atmosphere 
since  the  entire  electric  field  from  the  ionosphere  to  Earth  will  be 
affected.  And 

(3)  time  delays  -  heating  mechanisms  may  require  several  days 
before  the  lower  atmosphere  would  be  affected.  The  atmospheric 
electrical  mechanism  provides  a  rapid  response  since  a  change  in 
ionospheric  potential  rapidly  affects  the  global  electric  field 
intensities. 

3. 1.3.1  Markson's  Model 

This  discussion  of  atmospheric  electricity  as  a  linking  mechanism 
begins  with  a  review  of  the  classical  global  circuit  by  Markson  (1978, 
1979a,  1983).  The  main  charge  structure  within  a  thundercloud  is 
similar  to  an  electric  dipole  (Uman,  1969)  with  positive  charge  at  the 
top  and  negative  charge  at  the  bottom  of  the  cloud  (Fig.  16).  The 
worldwide  thunderstorm  activity  acts  as  a  d.c.  generator,  causing 
current  to  flow  through  the  circuit  and  maintaining  the  Earth's 
electric  field.  Conduction  currents  exist  because  the  atmosphere  is 
ionized.  The  isotropic  flow  of  galactic  cosmic  rays  maintains  the 


Ionosphere 


Figure  16  Model  of  the  global  circuit.  Large  arrows  indicate 
flow  of  positive  charge.  Estimated  resistances  of 
circuit  elements  are  given.  The  thunderstorm  depicted 
represents  the  global  electrical  generator,  that  is, 
the  totality  of  all  global  thunderstorms.  The  arrows 
indicate  the  accessibility  of  the  controlling 
resistive  element  above  the  thunderstorm  generator  to 
the  varying  component  of  the  ionizing  radiation 
(Markson,  1978  and  Markson  and  Muir,  1980). 
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atmospheric  conductivity  augmented  in  the  stratosphere  by  solar 
corpuscular  radiation  and  Bremmstrahlung  X-rays  from  magnetospheric  and 
auroral  particle  precipitation. 

Over  the  surface  landmass,  two-thirds  of  the  ionization  at  the 
surface  is  due  to  radioactive  gases  and  emanations  from  the  ground. 

The  conductivity  increases  exponentially  with  altitude  above  the 
planetary  boundary  layer  due  in  part  to  the  increase  in  cosmic 
radiation.  As  the  conductivity  increases,  the  potential  gradient 
decreases  (Chalmers,  1957),  and  at  60  km  an  equipotential  surface  is 
considered  to  exist  due  to  the  large  conductivities  and  very  small 
potential  gradients.  In  terms  of  the  global  circuit,  this 
equipotential  surface  is  the  "ionosphere"  (Markson,  1978)  and  it  is 
characterized  as  the  outer  shell  of  a  spherical  capacitor.  The  Earth's 
surface  is  the  inner  conductor  with  the  atmosphere  ("leaky  dielectric" 
(Markson,  1978))  between  the  two.  A  charging  resistor  exists  above  the 
thundercloud  and  a  conduction  current  flows  from  the  thundercloud  tops 
to  the  ionosphere.  Vonnegut  et  al.  (1966)  found  a  negative  potential 
gradient  existed  from  measurements  taken  over  the  cumulus  turrets 
(overshooting  tops)  of  thunderstorms  which  is  in  agreement  with  the 
classical  theory.  The  charging  current  maintains  the  ionospheric 
potential  (the  overall  intensity  of  global  atmospheric  electrification) 
at  about  250  kV  relative  to  the  Earth.  For  the  return  portion 
of  the  circuit,  a  conduction  current  flows  through  the  "load  resistor" 
(Markson,  1978)  in  the  fair-weather  regions;  positive  ions  drift 
downwards,  the  negative  ions  drift  upwards.  The  complete  circuit 
includes  the  area  between  the  Earth  and  the  thundercloud  base,  where 
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the  current  flow  is  maintained  by  precipitation,  conduction  (including 
corona),  convection  and  lightning. 

A  closer  look  at  the  resistive  elements  shows  that  about  90%  of 
them  are  above  the  thunderstorm  (Markson,  1978).  Again  considering 
Vonnegut's  work,  we  see  that  the  current  flows  from  the  thunderstorm 
turrets.  Since  this  area  covers  generally  less  than  one  tenth  of  a 
percent  of  the  Earth’s  surface,  the  charging  current  must  flow  through 
a  larger  resistance  (10^  -  10^  ohms)  (Fig.  16).  The  fair-weather 
return  flow  covers  most  of  the  Earth's  surface  area,  therefore  the 
resistance  is  very  small  (about  150  ohms).  The  resistive  elements 
between  the  thundercloud  and  the  ground  would  be  the  largest  if  not  for 
charge  transfer.  Although  difficult  to  estimate,  Markson  suggests  an 
order  of  magnitude  increase  in  the  conductivity  beneath  the 
thundercloud  and  therefore  an  order  of  magnitude  decrease  in  the 
resistance  (10^  -  10^  ohms).  This  is  nearly  10%  of  the  total  global 
circuit  resistance.  Therefore,  most  of  the  resistance  of  the  circuit 
is  above  the  thunderstorm  (about  13  km  in  mid-latitudes).  Referring  to 
the  discussion  of  galactic  cosmic  rays,  the  maximum  ion  production 
peaks  at  about  this  height.  Ionization  in  the  fair-weather  portion  of 
the  circuit  at  this  altitude  would  be  of  little  consequence  since  the 
resistance  is  small  in  this  element.  How  then  does  atmospheric 
electricity  link  solar  activity  to  weather? 

Markson  (1978,  1979a,  1983)  and  Markson  and  Muir  (1980)  propose 
the  following  mechanism:  that  changes  in  the  resistance  above  the 
thunderstorm  generator  occur  through  solar  controlled  variations  in  the 
ionizing  radiation.  The  resistive  element  above  the  thundercloud  acts 


as  a  valve  regulating  the  global  circuit  flow.  The  ionospheric 
potential  and  fair-weather  electric  field  adjust  proportionally  to  the 
modulating  charging  currents.  Markson  (1979b)  clearly  indicates  that 
the  ionizing  radiation  need  not  reach  the  thundercloud  tops  to  increase 
the  current  flow.  The  ionizing  radiation  need  only  lower  the  total 
columnar  resistance  (increase  the  conductivity)  above  the  thundercloud 
in  order  to  increase  the  current  flow  to  the  ionosphere.  Markson 
(1971,  1979a,  1979b)  also  discusses  the  high  latitude  variations  of 
ionization  and  conductivity  throughout  a  solar  cycle.  At  10  km  the 
ionization  rate  increase  is  30%.  By  15  km,  the  ionization  rate 
increases  51%,  with  a  23%  increase  in  conductivity  while  at  20  km  the 
ionization  rate  increases  76%,  with  a  33%  increase  in  conductivity  from 
solar  maximum  to  solar  minimum.  Markson  (1978)  also  illustrates  the 
average  conductivity  variation  through  a  solar  cycle  for  the 
mid-latitudes  and  the  equator.  The  raid-latitude  variation  is  -  18%, 
and  near  the  equator  it  is  -  10%.  Since  these  are  the  average  values, 
he  infers  that  larger  conductivity  variations  must  exist  at  times. 

Markson  and  Muir  (1980)  discuss  the  misconception  of  this  proposed 
mechanism.  The  mechanism  explains  the  variation  of  the  global  electric 
field  by  solar  activity,  not  a  solar-controlled  variation  in 
thunderstorm  activity.  Markson  (1978)  suggests  an  increase  in 
stratospheric  ionization  and/or  electric  field  intensity  in  order  to 
amplify  cloud  electrification  and  increase  thunderstorm  frequency. 
However,  Markson  and  Muir  (198U)  note,  "The  discussion  of  possible 
cloud  physical  effects  is  speculative,  since  there  is  no  consensus 
regarding  the  importance  of  atmospheric  electricity  on  cloud  physics 


or  thunderstorm  electrification".  Nevertheless,  Markson  (1978)  and 
Markson  and  Muir  (1980)  proposed  two  possibilities  for  increasing 
thunderstorm  electrification.  The  first  is  a  direct  local  effect 
caused  by  increased  ionization  above  the  thundercloud  which  enhances 
the  ionospheric  conductivity.  The  second  is  an  indirect  worldwide 
effect  due  to  an  amplified  electric  field  in  the  troposphere. 

Markson  and  Muir  base  their  ideas  on  the  convective  theory  of 
thunderstorm  electrification  (Vonnegut,  1955).  Because  the  ionosphere 
is  maintained  at  a  positive  potential  with  respect  to  the  Earth,  a 
positive  current  flows  continuously  from  the  ionosphere  to  the  Earth  as 
a  result  of  this  potential  difference.  The  positive  ionosphere 
potential  is  maintained  by  worldwide  thunderstorm  activity.  The 
current  establishes  a  slight  excess  of  positively  charged  Aitken  nuclei 
in  the  lower  atmosphere.  Vonnegut  (1955)  postulated  that  the 
initiation  of  the  electrification  process  in  developing  clouds  can  be 
attributed  to  these  small  positive  space  charges.  Furthermore, 
convection  of  fair-weather  positive  space  charge  into  developing 
cumulus  clouds  may  be  responsible  for  the  initial  development  of  the 
positive  space  charge  center  in  the  cloud  (Fig.  17a).  Ionization  over 
the  developing  cloud  provides  a  source  of  negative  charge.  As  the 
cloud  grows,  it  reaches  an  altitude  where  the  electrical  conductivity 
is  greater  than  at  lower  levels.  The  potential  gradient  at  the  cloud 
top  is  considerably  greater  than  the  normal  positive  gradient  at  that 
height  and  in  the  opposite  direction.  Consequently,  the  small  negative 
ions  flow  from  the  ionosphere  to  the  cloud  top  where  the  positive  space 
charge  resides  (Fig.  17b).  The  negative  charge  becomes  attached  to  the 


Figure  17  The  convective  theory  of  thunderstorm  electrification 
(a)  The  formation  of  the  cloud  containing  small 
positive  charge;  (b)  the  development  of  the  negative 
charge  center  in  the  lower  part  of  the  cloud;  (c)  The 
intensified  electrification  resulting  from  point 
discharge  on  the  ground  (Vonnegut,  1955). 
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cloud  particles  and  Aitken  nuclei  at  the  cloud  surface  where  they  are 
then  transported  to  the  sides  of  the  cloud  by  the  divergent  wind  field. 
The  downdrafts  carry  the  negative  charge  to  the  bottom  of  the  cloud, 
thus  becoming  the  negative  charge  center  in  the  thunderstorm  electrical 
dipole. 

The  negative  charge  center  continues  to  grow  until  it  finally 
produces  a  field  large  enough  to  cause  point  discharge  (corona)  from 
the  Earth’s  surface  (Fig.  17c).  The  positive  ions  are  prevented  by  the 
wind  from  moving  towards  the  negative  charge  that  induced  them.  Thus, 
the  positive  charge  center  grows  as  the  positive  ions  are  carried  aloft 
by  the  updrafts.  This  reinforces  the  rate  at  which  the  negative  ions 
are  attracted  to  the  cloud  top  and  carried  to  the  lower  part  of  the 
cloud.  The  charge  centers  grow  until  the  potential  gradient  is  large 
enough  to  produce  lightning. 

An  increase  in  the  ionospheric  potential  would  increase  the  space 
charge  since  space  charge  is  formed  by  the  air-Earth  conduction  current 
flowing  through  a  medium  of  varying  conductivity.  This  increase  in 
space  charge  may  affect  the  initial  electrification  process  of 
developing  cumulus  clouds.  Therefore,  increased  ionization  above  the 
developing  cloud  would  increase  the  flow  of  charge  to  the  cloud  and 
enhance  electrification.  An  enchancement  in  electrification  may  lead 
to  enhanced  cloud  physical  processes,  which  may  ultimately  lead  to 
changes  in  the  Earth's  radiation  balance.  Markson  and  Muir  (1980) 
conclude:  "Therefore,  with  the  convective  theory,  or  any  of  the 

inductive  charging  mechanisms,  the  ultimate  electric  field  intensity  in 
developing  cumulus  clouds  depends  on  the  initial  intensity  of  the 


ambient  fair-weather  electric  field.  If  any  of  these  charging 
mechanisms  is  valid,  modulation  of  the  ionization  rate  in  the  lower 
stratosphere  over  thunderstorms  would  lead  to  positive  feedback  to  the 
global  circuit  generator  and  enhance  the  efficiency  of  the  process  by 
which  solar  variability  influences  the  Earth's  electric  field.” 

3. 1.3. 2  Hale’s  Model 

In  light  of  experimental  observations  gathered  to  date,  Hale 
(1979,  1983)  perceives  the  classical  global  circuit  model  and  hence, 
Markson's  theory  on  the  atmospheric  electrical  linking  mechanism  as 
inadequate.  The  criticism  of  Markson's  model  is  based  on  Hale's 
contention  that  ionization  events  do  not  produce  the  required 
conductivity  changes  above  the  thunderstorm  tops  that  Markson's  model 
requires  except  during  rare  solar  proton  events.  Hale  (1983)  suggests 
a  mechanism  whereby  "auroral  events  whose  radiation  penetrates  only  to 
the  mesosphere  may  influence  lower  latitude  and  altitude  electrical 
phenomena."  The  modified  global  electric  circuit  as  proposed  by  Hale 
will  be  discussed  prior  to  discussing  this  mechanism. 

Hale  (1983)  proposes  a  modified  global  circuit  that  considers 
capacitive  as  well  as  resistive  elements.  With  regard  to  the 
thunderstorm  generator,  the  model  accounts  for  lightning  transients  and 
the  highly  non-uniform  global  ionosphere.  Measurements  made  by  Hale 
above  a  small  off-shore  thunderstorm  indicated  "that  lightning  causes  a 
large  pulse  of  conduction  current  to  flow  to  the  ionosphere  and  global 
circuits  and,  if  the  result  is  generally  true  of  most  thunderstorms, 
cloud-to-Earth  lightning  represents  a  major  fraction  of  the  global 


circuit  current."  He  further  suggests  the  total  global  circuit  current 
(~  2000  amps)  can  be  represented  by  the  estimated  charge  displaced 
(~  20  coulombs/f lash)  by  the  global  cloud-to-Earth  lightning  rate 
( -  100  flashes/second).  Hale’s  model  suggests  the  thunderstorm  current 
generator  (Im)  charges  capicitor  Cc  directly  and  Ce  through  Rt ,  the 
ionosphere  and  the  global  circuit  (Fig.  18).  When  Ce  or  Cc  reaches 
breakdown,  lightning  occurs.  The  three  components  of  current  to  the 
global  circuit  are: 

(1)  the  current  charging  Ce  through  Rt  and  the  global  circuit 

(2)  plus  the  transient  discharge  of  Cc  when  Ce  discharges 

(3)  minus  the  transient  discharge  of  Ce  when  Cc  discharges. 

Hale  (1983)  points  out  that  most  global  circuit  models  do  not 

consider  the  horizontal  gradients  in  the  ionospheric  conductivity. 
Because  of  the  small  contribution  of  the  upper  atmosphere  to  the 
columnar  resistance,  the  thunderstorm  currents  that  flow  to  the 
high  ionosphere  and  the  magnetosphere  have  not  been  considered  very 
important.  However,  Hale  (1983)  contends  "that  the  effects  of 
non-uniform  mesospheric  conductivity  on  current  paths  in  the  upper 
atmosphere  provide  a  mechanism  for  coupling  between  individual 
thunderstorms  and  high-latitude  phenomena,  and  a  means  for 
high-latitude  ionospheric  fields  to  penetrate  to  lower  latitudes."  The 
conductivity  variations  are  produced  during  very  large  solar  proton 
events,  however,  these  events  are  infrequent  compared  to  the  events 
(i.e.,  the  Sun  rising  and  setting)  that  produce  the  large  conductivity 
changes  at  high  altitudes.  The  nighttime  conductivities  are  low 
compared  to  daytime  or  disturbed  conditions,  vet  they  are  probably 


Figure  18  A  modified  version  of  the  classical  global  circuit 

model.  Note  the  inclusion  of  the  capacitive  elements 
and  the  mesospheric  potential.  Their  inclusion 
accounts  for  lightning  transients  and  the  non-uniform 
mesospheric  conductivities,  respectively  (Hale,  1983). 


WWW  wwwvwrw  W  *3T  IW« 


nupimii  twc 


48 


+ 


-V-V-.V  >  *-■ 


d 


never  low  compared  to  the  troposphere.  Thus,  the  thunderstorm  currents 
will  generally  reach  the  higher  ionosphere  unobstructed  (Hale,  1983). 
The  nighttime  thunderstorm  currents  will  follow  the  line  of  least 
resistance  in  returning  to  the  Earth.  The  tendency  is  for  these 
nighttime  thunderstorm  currents  to  flow  downwards  to  the  lower 
atmosphere  in  higher  conductivity  regions  around  either  day-night  or 
quiet-disturbed  boundaries,  the  latter  usually  occurring  in  the  auroral 
zone.  "Moderately  high-latitude  nighttime  thunderstorm"  (Hale,  1983) 
currents  occurring  well  away  from  the  dawn  or  dusk  terminator  might 
then  return  through  the  auroral  zone.  Hence,  as  Hale  (1983)  suggests: 
"the  non-uniform  mesospheric  conductivity  provides  a  mechanism  for 
direct  coupling  between  the  thunderstorm  circuit  and  auroral  currents. 
This  would  be  enhanced  when  auroral  radiation  penetrates  more  deeply, 
such  as  during  relativistic  electron  precipitation  (REP)  events." 

Another  facet  of  Hale's  model  concerns  the  large  vertical  electric 
fields  measured  in  the  mesosphere.  Hale  suggests  two  sources  for  the 
vertical  fields;  the  poleward  or  equatorward  auroral  fields  may  "turn 
the  corner"  (Hale,  1983)  and  map  to  lower  latitudes  as  large  vertical 
mesospheric  fields.  This  would  explain  the  high  latitude  fields, 
however,  the  low  and  mid-latitude  mesospheric  fields  are  more  likely 
internally  generated  by  an  active  mesosphere,  with  an  internal  e.m.f. 
generator,  probably  related  to  aerosol.  The  significance  of  these 
large  vertical  mesospheric  fields  is  described  by  Hale  (1983)  as  this: 
"The  potential  associated  with  vertical  mesospheric  fields  will  add  or 
subtract  from  the  true  ionospheric  potential  at  higher  altitudes  to 
determine  the  potential  applied  across  the  lower  atmosphere,  commonly 
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mis-named  the  "ionospheric  potential".  Since  this  potential  is  much 
more  easily  modulated  by  frequently  occurring  solar-geomagnetic 
events,  this  provides  a  much  more  prevalent  coupling  effect  than  events 
which  directly  affect  the  tropospheric  thunderstorm  circuit.  In 
particular,  radiation  events  which  decrease  the  downward  mesospheric 
field,  possibly  by  shorting  it  out  due  to  enhanced  conductivity,  will 
increase  the  lower  atmosphere  fair  weather  field  ..." 

In  conclusion,  Hale  is  much  less  certain  that  this  could  be  a 
cause  or  effect  of  Sun/weather  relationships  and  hence,  he  suggests 
looking  at  more  subtle  atmospheric  electrical  relationships. 

3.2  Stratospheric-Tropospheric  Exchange 

3.2.1  Introduction 

This  section  introduces  the  hypothesis  that  stratospheric- 
tropospheric  exchange  may  be  a  linking  mechanism  between  solar  activity 
and  weather.  The  decrease  in  galactic  cosmic  rays  during  increased 
periods  of  solar  activity  plays  a  major  role  in  the  mechanism.  The 
proposed  trigger  is  tropopause  folding  and  thus,  the  introduction 
discusses  the  characteristics  of  the  folding  process.  The  next  section 
provides  statistical  evidence  of  extraterrestrial  forcing  on  the 
exchange  process  and  the  final  section  presents  the  hypothesis. 

Danielsen  (1964)  states:  "As  the  tropopause  folds,  air  from  the 
stratosphere  is  drawn  out  to  form  a  thin  layer  in  the  troposphere". 
Thus,  the  concept  of  mass  transport  from  the  stratosphere  to  the 
troposphere  is  based  on  this  principle  of  tropopause  folding.  Reed 
(1955)  postulated  that  one  possible  mechanism  for  upper-level 
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f rontogenesis  is  tropopause  folding,  and  indeed,  Danielsen's  work 
(1964,  1968)  supported  Reed’s  hypothesis.  According  to  Danielsen 
(1968),  "the  fold  develops  in  the  baroclinic  troposphere  and 
stratosphere  where  the  troposphere  is  initially  inclined  and  where 
there  is  a  large  gradient  of  0  along  the  tropopause"  (where  0  is  the 
potential  temperature.  Fig.  19).  (Note:  For  the  purpose  of  this 
section,  the  tropopause  as  Danielsen  describes  it,  is  not  that 
determined  by  conventional  radiosonde  data.  Rather,  it  is  a 
generalized  criterion  where  the  location  of  the  tropopause  is 
determined  by  large  spatial  changes  in  the  potential  vorticity). 
Furthermore,  initiation  of  the  tropopause  fold  by  the  quasi- 
geostrophic  shears  in  the  baroclinic  atmosphere  occurs  to  the  west  of 
developing  troughs  and  vortices.  The  ageostrophic  motions,  although 
frequently  too  small  to  measure,  produce  important  stability,  vorticity 
and  velocity  changes  in  the  stratosphere  and  troposphere  (Danielsen, 
1964).  The  folding  process  occurs  beneath  the  jet  core  along  the  axis 
of  confluence  between  the  direct  and  indirect  circulation  cells 
(Fig.  20).  These  circulations  are  responsible  for  the  momentum 
transport  (downward  and  southward  along  the  warm  boundary  of  the 
folding  layer)  which  renders  the  folding  process  irreversible. 

Figure  20  illustrates  the  mean  flow  with  respect  to  the 
tropopause.  The  mean  flow  is  predominately  from  the  troposphere  to  the 
stratosphere  (Danielsen,  1968).  The  concentrations  of  ozone, 
radioactivity  and  potential  vorticity  are  diluted  by  subsynoptic-scale 
mixing.  The  large  gradients  of  these  quantities  at  the  tropopause  are 
maintained  by  the  inflow  to  the  stratosphere.  These  gradients  extend 


Figure  19  A  vertical  cross  section  of  a  tropopause  folding  event 
and  tropospheric  f rontogenesis .  The  bold  line  is  the 
tropopause  and  it  separates  the  stratospheric  air 
(stippled  region)  from  the  tropospheric  air.  The 
thinner  lines  are  lines  of  constant  potential 
temperature.  The  vertical  scale  extends  roughly  from 
1000-mb  to  150-mb  (Danielsen,  1964). 


Figure  20  A  schematic  of  the  mean  circulation  rel 
tropopause.  Note  the  folded  tropopause 
intrusion  of  stratospheric  air  well  int 
troposphere  (Danielson,  1968). 
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several  kilometers  into  the  lower  stratosphere  acting  as  a  deep 
transition  layer.  The  mass  of  the  stratosphere  also  increases  as  a 
result  of  this  inflow.  However,  any  increase  in  mass  in  the 
stratosphere  is  offset  by  a  mass  outflow  associated  with  the  folding 
process. 

In  order  for  the  folding  process  to  be  considered  a  transport 
process  and  not  a  diffusion  process,  properties  of  the  stratospheric 
air  (i.e.,  concentration  of  ozone,  radioactivity  and  potential 
vorticity)  should  be  approximately  conserved  during  the  formation  of 
the  fold.  If  diffusion  was  the  dominant  process,  any  conservative 
stratospheric  property  would  enter  the  troposphere  across  the 
tropopause  or  along  the  "break  lines"  (Danielsen,  1964)  in  the 
tropopause  introduced  along  the  axis  of  the  jet.  Furthermore,  assuming 
vigorous  mixing  in  the  troposphere  would  disperse  any  conservative 
stratospheric  property,  then  high  concentrations  of  these  properties 
would  be  present  only  in  the  stratosphere.  However,  this  is  not  the 
case  as  Reed  (1955),  Danielsen  (1964,  1968)  and  several  other 
investigators  have  shown. 

Consider  Danielsen's  work  (1964)  using  potential  vorticity  (Pq) 
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as  an  example.  Neglecting  mixing,  -r—  00  -  —  where  0  is  the  diabatic 
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heating  term,  such  that  heating  above  and  cooling  below  increases  the 
potential  vorticity  and  vice  versa.  The  ozone  layer  acts  as  a  heating 
source  producing  large  values  of  potential  vorticity  while  heating  at 
the  Farth's  surface  produces  low  values  in  the  troposphere.  The 
process  is  more  pronounced  when  radiational  cooling  due  to  clouds  or 


moist  layers  extend  to  the  tropopause.  However,  in  the  free  atmosphere 
(neglecting  radiational  cooling)  0  is  small  and  potential  vorticity  is 
conserved.  Therefore,  as  Danielsen  states,  "when  the  tropopause  folds, 
tropospheric  air  with  small  values  of  Pg  folds  over  an  extruded  layer 
of  stratospheric  air  with  large  values  of  Pq.  Since  each  parcel 
conserves  its  value  of  Pg  during  the  folding  process,  the  air  of 
stratospheric  origin  can  be  readily  identified  even  after  it  is 
considered  part  of  the  troposphere.  Ozone  and  radioactivity  have  also 
been  shown  to  be  quasi-conserved  during  the  process,  thus,  strongly 
indicating  that  the  folding  process  is  indeed  a  transport  process. 

This  suggests  that  “the  stratospheric  air  moves  diabatically  down 
through  the  stratosphere  on  the  cyclonic  side  of  the  jet.  Then  it  is 
extruded  from  the  lower  stratosphere  into  the  troposphere  where  it 
passes  beneath  the  jet  as  it  decerids  and  moves  to  lower  latitudes,” 
Danielsen  (1964). 

3.2.2  Statistical  Evidence  for  a  Stratospheric-Tropospheric 
Exchange  Connection 

The  work  of  Reiter  (1973,  1976,  1977b,  1979b,  1979c)  has  lead  to 
some  interesting  results  regarding  the  influence  of  solar  activity  on 
the  stratospheric-tropospheric  exchange  processes.  The  results 
Indicate  an  increase  in  the  frequency  of  stratospheric  intrusions  after 
solar  flares  and  to  a  lesser  extent  after  solar  sector  boundary 
passages.  A  more  detailed  discussion  regarding  the  results  follows, 
whereas  the  causal  relationship  will  be  discussed  in  the  next  section. 
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Reiter's  (1979c)  paper  is  a  continuation  of  his  previous 
publications  which  analyzed  the  dependence  of  stratospheric  intrusions 
on  solar  events.  He  based  the  analysis  on  eight  years  of  recordings  of 
stratospheric  radionuclides  and  the  ozone  concentration  at  Zugspitze 
peak  (3  km  altitude)  in  the  Bavarian  Alps.  The  data  also  included  the 
atmospheric  profile  of  the  ozone  concentration  and  the  total  ozone 
concentration.  The  eight-year  period  analyzed  occurred  during  a  period 
comparable  to  an  eleven-year  solar  cycle.  The  sequence  included: 

(1)  November  1969  through  1972  -  a  period  of  maximum  solar 
activity 

(2)  1973  through  1975  -  a  period  of  decreasing  solar  activity  and 

(3)  1975  through  1977  -  a  period  of  minimum  solar  activity. 

In  addition,  the  data  was  further  subdivided  according  to  seasons 
(winter/spring  and  summer/fall).  The  frequency  and  intensity  of 
stratospheric  intrusions,  as  identified  by  the  concentration  of  Be^ 

(and  other  radionuclides)  and  the  local  ozone  concentration  at 
Zugspitze,  were  studied  using  solar  HQ-f lares  (those  flares  with 
importance  one  and  near  the  central  meridian  of  the  sun),  solar  sector 
boundary  passages,  and  the  Forbush  decrease  among  others  as  key  days. 

The  frequency  of  stratospheric  intrusions  after  solar  Ha-flares 
were  significant  and  unrelated  to  the  phase  of  the  solar  cycle  and 
seasons.  The  maximum  occurred  two  to  three  days  after  the  flare  day 
and  varied  slightly  in  amplitude  from  solar  maximum  (increase  of  50%) 
to  solar  minimum  (increase  of  80%).  Also,  the  concentration  of  local 
ozone  at  Zugspitze  rose  significantly  from  the  third  day  before  the 
flare  until  the  fifth  day  after  the  flare.  The  atmospheric  total  ozone 
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decreased  from  the  day  preceding  the  flare  until  the  fourth  or  fifth 
day  following  the  flare.  In  both  instances  the  correlations  were 
significant  during  solar  maximum  but  the  correlation  could  no  longer  be 
observed  at  solar  minimum. 

The  influence  of  solar  sector  boundary  passages  on  the  frequency 
of  stratospheric  intrusions  were  not  nearly  as  significant  as  the 
influence  of  HQ-flares.  Nevertheless,  a  significant  correlation 
between  the  -/+  boundary  crossings  and  stratospheric  intrusions 
existed.  In  the  winter/spring  a  maximum  occurred  on  the  day  of  the 
passage  but  in  the  summer/fall  a  minimum  occurred  on  the  day  of  the 
passage.  The  boundary  passages  showed  no  effects  on  the  frequency  of 
the  intrusions  during  solar  minimum. 

In  addition,  Reiter  related  the  stratospheric  intrusions  to  days 
with  maximum  Forbush  decrease  (an  attenuation  of  galactic  cosmic  rays 
by  an  enhanced  solar  wind),  which  occurred  a  few  days  before  the  actual 
flare.  The  neutron  density  was  used  as  an  indicator  for  the  Forbush 
decrease,  such  that  a  minimum  in  the  daily  means  of  the  neutron  density 
corresponded  to  a  maximum  Forbush  decrease.  The  minimum  of  neutron 
density  was  found  on  the  fourth  or  fifth  day  after  the  flare.  The 
concentration  of  Be'7  (the  indicator  of  stratospheric-tropospheric 
exchange)  reached  a  maximum  on  the  day  before  the  maximum  Forbush 
decrease,  thus  the  intrusions  occurred  generally  two  to  three  days 
before  the  maximum  Forbush  decrease. 

Using  the  period  of  decreasing  solar  activity  (1973-1975),  Reiter 
noted  an  interesting  dependence  of  neutron  density,  total  ozone  and  Be^ 
concentrations  on  solar  HQ-f lares  (Fig.  21).  The  dependence  occurred 


Figure  21  A  conspicuous  tine  sequence  around  Ha-flare  key  days 
during  a  period  of  decreasing  solar  activity. 

Point  1.  Beginning  decrease  of  neutron  density; 
Point  2.  Steep  increase  of  the  total  ozone  to  a 
maximum;  Point  3.  Significant  maximum  of  Be^ 
two  to  three  days  after  the  key  day  (Reiter,  1979c). 


as  follows:  As  soon  as  the  neutron  density  started  to  decrease 
(point  1  in  figure),  the  total  ozone  concentration  reached  a  local 
maximum  (point  2)  and  four  to  five  days  later  the  maximum  concentration 
of  Be^  was  found  (point  3).  The  significance  of  this  sequence  of 
events  will  be  discussed  in  more  detail  in  the  next  section  where 
attention  is  focused  on  the  stratospheric-tropospheric  exchange 
mechanism. 


3.2.3  The  Stratospheric-Tropospheric  Exchange  Mechanism 
Herman  and  Goldberg  (1978b)  proposed  that  because  non-tropical 
thunderstorms  are  usually  associated  with  frontal  boundaries, 
stratospheric  ions  may  be  swept  downward  along  with  neutral  air  ("bulk 
transport")  near  the  frontal  boundaries.  And  because  storm  systems  are 
often  associated  with  the  jet  stream,  Herman  and  Goldberg  suggest  that 
stratospheric  air  penetrates  into  the  troposphere  at  the  tropopause 
break  lines  near  the  jet  stream  (Fig.  22).  As  noted  earlier,  maximum 
ion  production  due  to  galactic  cosmic  rays  peaks  near  the  tropopause  in 
mid-latitudes.  The  ionized  particles  produced  (as  indicated  by  the 
charge  signs  in  Fig.  22)  would  be  transported  downward  with  the  neutral 
air  by  subsidence  along  the  front.  Furthermore,  wind  speeds  in  the 
vicinity  of  the  break  lines  coupled  with  strong  downdrafts  may  bring 
the  ions  to  thunderstorm  heights  within  their  lifetime.  For  the  larger 
ions  (i.e.,  small  ions  that  attach  themselves  to  aerosols),  Herman  and 
Goldberg  estimate  the  half-life  of  these  large  ions  to  be  approximately 


8500  seconds. 


If  the  speed  of  the  air  transporting  the  ions  was  only 


Tropopause 


Figure  22  Intrusion  of  stratospheric  air  and  ions  into  the 

troposphere  through  the  tropopause  break  line  (Herman 
and  Goldberg,  1978b  based  on  Reiter  1967). 


1  ms“l,  then  the  ions  would  be  swept  downward  8.5  km  and  one-half  of 
the  ions  would  still  exist  to  be  entrained  by  the  cloud  system  along 
the  front. 

However,  Danielsen  (1968)  found  "negative  evidence"  for  the 
assumption  that  radioactivity  or  other  stratospheric  properties  are 
displaced  from  the  stratosphere  to  the  troposphere  at  these  tropopause 
break  lines.  Therefore,  the  next  viable  alternative  is  to  consider 
tropopause  folds  as  the  process  for  ion  transfer  into  the  troposphere 
from  the  stratosphere.  The  problem  of  transferring  ions  down  to 
thunderstorm  heights  was  possibly  solved  by  Reed  (1955)  who  found  that 
"an  intense  portion  of  the  frontal  zone  consisted  of  a  thin  wedge  of 
stratospheric  air  which  had  descended  to  very  low  levels  (700  to 
800-mb ) " . 

In  addition,  Danielsen's  (1964)  discussion  of  wet  fallout  provides 
a  valuable  piece  of  information  concerning  this  hypothesis.  In 
Fig.  23,  Danielsen  (1964,  1980)  sketches  the  three-dimensional 
structure  of  a  typical  tropopause  folding  event.  Note  how  the  central 
and  left  portions  of  the  extruded  flow  descends  until  it  reaches  the 
trough.  Danielsen  (1964)  continues:  "After  it  passes  the  trough  it 
ascends.  The  ascent  may  begin  to  the  west  of  the  surface  front  but 
continues  well  in  advance  of  the  front.  At  its  leading  edge  the 
ascending  dry,  stable  stratospheric  air  flows  above  ascending  moist  or 
saturated  air.  The  high  stability  of  the  stratospheric  layer 
suppresses  vertical  cloud  development  but  the  presence  of  the  dry  layer 
over  saturated  air  is  potentially  unstable.  As  ascent  continues,  the 
latent  heat  release  at  the  base  of  the  layer  by  the  condensing  water 
vapor  decreases  the  stability. 


re  23  A  representation  of  typical  trajectories  and  deformations 
associated  with  a  tropopause  folding  event  (Danielsen, 
1964,  1980). 


When  the  stability  is  reduced  to  a  critical  value,  the  cumulus 
clouds  break  through  the  layer  and  are  then  accelerated  upward  by 
strong  buoyancy  forces.  A  line  of  rain  showers  and  thunderstorms 
quickly  develops  along  the  leading  edge  of  the  destabilized  layer.  As 
the  cumulus  clouds  penetrate  and  break  through  the  layer  torroidal 
circulations  entrain  the  stratospheric  air  into  the  growing  cloud.  If 
the  radioactivity  in  the  stratospheric  air  is  attached  to  freezing  or 
condensation  nuclei,  the  radioactivity  will  then  enter  the 
precipitation  cycle." 

Therein  lies  the  key  to  the  stratospheric-tropospheric  exchange 
mechanism  proposed  here.  Any  ions  from  the  folding  process  entrained 
into  the  cloud  could  enhance  cloud  electrification  increasing  the 
chances  for  lightning  discharge.  Referring  back  to  the  discussion  of 
atmospheric  electricity,  an  increase  in  thunderstorm  electrification 
would  enhance  the  fair-weather  electric  field.  Such  a  feedback  process 
could  explain  why  atmospheric  electrical  properties  show  a  dependence 
on  extraterrestrial  forcing.  Furthermore,  ions  entrained  into  a 
well-developed  thunderstorm  could  possibly  increase  the  electrical 
potential  within  the  thunderstorm  enough  for  intense  lightning 
discharges  to  occur.  These  intense  lightning  discharges,  or 
"superbolts"  (Turman,  1977,  1979)  as  they  are  commonly  referred  to,  are 
positive  lightning  discharges  from  near  the  top  of  the  thunderstorm 
cloud  to  the  ground.  They  have  an  optical  power  in  the  range  of  10H 
to  1013  watts  (approximately  100  times  more  powerful  than  a  typical 
lightning  discharge).  Superbolts  have  been  recorded  by  both  the  Vela 
and  UMSP  (Defense  Meteorological  Satellite  Program)  satellites  and  tend 


to  occur  more  often  in  the  winter  than  in  the  summer.  They  are 
infrequent  and  very  powerful  and  thus,  if  superbolts  were  dependent  on 
stratospheric  intrusions  for  development,  they  could  provide  valuable 
evidence  for  the  Sun/weather  problem. 

A  major  problem  remains  finding  a  way  to  relate  extraterrestrial 
forcing  to  stratospheric-tropospheric  exchange  in  a  causal  sense. 

Reiter  (1979c)  suggests  that  the  sequence  of  events  discussed  in  the 
previous  section  (Forbush  decrease,  temporary  increase  in  total  ozone, 
infrenuent  raaximums  in  the  lower  stratospheric  ozone  concentrations  and 
triggering  of  stratospheric  intrusions)  "is  possibly  due  to  a  physical 
link".  The  postulate  here  is  that  the  sequence  of  events  should  be 
looked  at  as  a  possible  Sun/weather  linking  mechanism  rather  than  as  a 
result  of  some  mechanism  as  Reiter  suggests.  Further  insight  into  this 
sequence  of  events  is  needed  to  support  this  postulate. 

Table  2a  details  the  9-20  April  1978  case  study  by  Reiter  (1979c) 
in  which  two  intrusions  occurred  and  Table  2b  is  the  10-19  February 
1978  case.  The  following  sequence  is  noted  in  both  tables:  solar 
flare  occurrence  (1),  decline  of  neutron  density  (5),  enhancement  of 
total  ozone  (7,8),  warming  in  the  region  of  the  tropopause  (9),  a 
lowering  of  the  tropopause  height  (11),  an  increase  in  the  Be^  and 
local  ozone  concentration  and  fallout  (12).  The  first  case  beginning 
on  11  April  took  one  to  two  days  to  complete  (13).  The  second  case 
beginning  on  13  April  took  four  days  and  the  February  case  took  two  to 
three  days  (13).  In  all  cases,  the  neutron  density  decrease  and  total 
ozone  enhancement  occur  at  approximately  the  same  time.  Of  greater 
importance  is  the  significant  increase  in  the  ozone  concentration 


between  the  tropopause  and  the  150-mb  level  that  occurs  on  the  second 
day  (15  April)  after  the  flare  and  on  the  third  day  after  the  flare  in 
the  February  case  (8).  The  implication  is  that  the  warming  at  the 
tropopause  height  and  the  subsequent  lowering  of  the  tropopause  height 
are  a  result  of  the  ozone  concentration  increasing  between  the 
tropopause  and  the  150-mb  level. 

The  next  logical  step  in  the  process  is  to  relate  this  sequence  to 
extraterrestrial  forcing.  The  key  to  the  entire  sequence  may  be 
galactic  cosmic  rays.  The  effects  of  solar  activity  on  galactic  cosmic 
rays  have  been  documented  in  previous  sections.  Reiter  points  out  that 
the  generation  of  ion  pairs  and  excited  nitrogen  in  the  lower 
stratosphere  are  caused  exclusively  by  galactic  cosmic  rays.  The 
formation  of  N0X  occurs  when  nitrogen  and  excited  nitrogen  molecules 
react  with  oxygen  molecules.  Although  this  source  of  N0X  is  relativley 
small,  it  does  catalytically  destroy  ozone  (Chamberlain,  1977). 
Chamberlain  also  states:  "A  long  period  of  low  solar  activity  and 
enhanced  galactic  cosmic-ray  production  of  N0X  in  the  stratosphere  would 
reduce  the  ozone  abundance."  Likewise,  during  periods  of  high  solar 
activity  and  decreased  cosmic  ray  production  of  N0X  in  the  stratosphere, 
one  would  expect  an  increase  in  ozone  abundance.  Increases  in  the  ozone 
concentration  in  the  lower  stratosphere  would  lead  to  a  rise  in 
temperature  above  the  tropopause.  This  would  alter  the  structure  of  the 
tropopause  possibly  triggering  stratospheric  intrusions  and  ultimately 
initiating  cyclogenesis  (Reiter,  1979c).  Reiter  is  quick  to  point  out 
that  these  are  "first  assumptions"  based  on  the  findings  in  that  paper. 


Thus,  the  sequence  of  events  involved  with  this  hypothesis  begins 
with  an  enhanced  IMF  due  to  increased  solar  activity.  This  shields  the 
Earth  from  galactic  cosmic  rays  and  results  in  a  decrease  production  of 
N0X.  An  increase  in  ozone  concentration  in  the  lower  stratosphere 
follows  which  produces  a  warming  in  the  layer  above  the  tropopause. 

The  warming  triggers  stratospheric  intrusions  and  cyclogenesis  at  upper 
levels  of  the  troposphere.  This  stratospheric  air  (after  a  transport 
period  of  several  days)  is  entrained  into  developing  thunderstorms 
along  the  frontal  boundary.  The  increase  in  thunderstorm  electrifica¬ 
tion  enhances  the  fair-weather  electric  field. 

Several  observations  presented  in  previous  sections  provide 
additional  support  for  this  hypothesis.  For  instance,  Ely  (1984) 
(Section  3.1.2)  suggested  (based  on  Lethbridge's  work  (1983,  1986)) 
that  the  minimum  in  cosmic  rays  after  solar  activity  causes  a  lightning 
maximum.  Lethbridge  found  a  minimum  in  cosmic  rays  occurred  two  to 
four  days  after  high  cosmic  rays  preceded  a  solar  sector  boundary 
passage.  The  minimum  also  occurred  at  a  time  when  thunderstorm 
activity  was  increasing.  Referring  to  Reiter's  (1979c)  work,  (Table 
2a, b),  the  maximum  in  neutron  count  that  occurred  the  day  preceding  the 
flare  would  lead  to  an  increase  in  ion  production  in  the  lower 
stratosphere.  More  importantly,  on  the  day  with  minimum  neutron  count, 
the  maximum  in  Be^  is  recorded  at  Zugspitze  peak  two  to  four  days  after 
the  maximum  in  neutron  count.  Thus,  incorporating  Ely's  and  Reiter's 
ideas  indicate  stratospheric  air  would  be  available  at  the  time 
thunderstorm  frequency  is  increasing.  This  would  explain  the  increase 
in  thunderstorm  frequency  two  to  four  days  after  solar  activity  that 


Markson,  Bossalasco,  and  Lethbridge  found  (Section  3.1.2).  Therefore, 
Ely  may  be  correct  in  his  observation  that  the  minimum  in  cosmic  rays 
causes  a  lightning  maximum. 

Cobb's  (1967)  work  (Section  3.1.2)  may  also  provide  support  for 
this  hypothesis.  Recall  that  Cobb  found  significant  increases  in 
fair-weather  electric  field  (E)  and  the  air-Earth  current  density  (I) 
during  July  1961.  Specifically,  on  15  July,  the  current  density 
exceeded  the  normal  value  by  75%  in  one  six-hpur  period  leading  Cobb  to 
suggest  solar  activity  as  the  cause  and  not  the  global  thunderstorm 
distribution.  To  further  substantiate  his  claim,  he  notes  that  in 
January  (the  peak  thunderstorm  month  for  the  Southern  Hemisphere)  the 
current  density  was  below  normal  at  a  time  when  no  solar  flares  were 
observed.  However,  if  in  July  the  solar  flares  triggered  stratospheric 
intrusions  that  increased  the  thunderstorm  frequency,  then  it  is 
possible  that  it  may  very  well  be  the  global  thunderstorm  distribution 
in  conjunction  with  solar  activity  that  was  responsible  for  the 
increase  in  the  current  density.  In  addition,  if  there  were  no  flares 
in  January,  then  there  would  be  few  stratospheric  intrusions  and  thus, 
no  enhancement  in  thunderstorm  frequency,  air-Earth  conduction  current 
or  fair-weather  electric  field.  Whether  this  process  could  be 
responsible  for  such  a  large  deviation  (75%)  remains  to  be  seen,  but  it 
could  explain  the  smaller  deviations  and  the  two  to  four  day  time  lag 
that  Reiter  (1972)  and  Sartor  (1980)  found. 
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Chapter  4 
SUMMARY 

Wilcox  (1974)  reviews  the  "few  common  threads"  in  the  solar 
activity-weather  relationship.  These  relationships  are: 

(1)  meteorological  responses  tend  to  occur  two  or  three  days  after 
geomagnetic  activity 

(2)  meteorological  responses  to  solar  activity  tend  to  be  most 
pronounced  in  the  winter 

(3)  some  meteorological  responses  over  continents  tend  to  be 
opposite  from  the  responses  over  oceans. 

In  summarizing  the  relationships  presented  in  this  paper,  one  generally 
sees  a  delay  in  the  meteorological  responses  two  to  four  days  after  the 
solar  flares  and  one  to  three  days  after  solar  sector  boundary  passage. 
The  tendency  is  for  a  more  strongly  defined  response  in  the  winter, 
during  solar  maximum  conditions,  and  after  the  +/-  boundary  passage. 

Many  scientists  have  difficulty  accepting  a  relationship  between 
solar  activity  and  weather  because  of  the  lack  of  a  definite  physical 
mechanism  linking  the  two.  Dressier  (1974)  discusses  the  two  main 
difficulties  in  coupling  solar  activity  to  meteoroloical  phenomena. 
These  are: 

(1)  devising  a  mechanism  that  can  modify  the  behavior  of  the 
troposphere  while  employing  only  a  negligible  amount  of  energy  compared 
to  the  energy  necessary  to  drive  the  normal  meteorological  system;  and 
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(2)  determining  how  such  a  mechanism  can  effectively  couple  some 
relevant  magnetospheric  process  into  the  troposphere  in  such  a  way  as 
to  influence  the  weather. 

Many  scientists  believe  this  linking  mechanism  is  atmospheric 
electricity,  although  there  exist  different  schools  of  thought 
concerning  the  details.  For  instance,  Markson's  proposed  linking 
mechanism  attempts  to  explain  the  variations  in  the  global  electric 
field  by  variations  of  the  stratospheric  ionization  due  to  solar 
activity.  Alterations  in  the  global  electric  field  may  lead  to 
enhancement  of  thunderstorm  electrical  properties.  Consequently,  there 
may  be  changes  in  cloud  dynamics  which  in  the  end,  may  lead  to  changes 
in  the  global  heat  budget.  However,  Hale's  proposed  mechanism  deals 
with  large  horizontal  gradients  of  mesospheric  conductivity  that  cause 
nighttime  thunderstorms  to  couple  with  the  high-latitude  auroral 
fields.  These  auroral  fields  are  able  to  map  to  lower  latitudes  as 
large  vertical  mesospheric  fields  thus  modulating  the  fair-weather 
electric  field.  The  concept  of  a  stratospheric-tropospheric  exchange 
mechanism  is  introduced  because  it  also  depends  on  the  possible 
modulation  of  the  thunderstorm  generator  by  solar  activity. 
Stratospheric  air  is  injected  into  the  troposphere  by  tropopause 
folding  events  where  it  is  then  transported  above  the  surface  frontal 
boundary  to  be  entrained  by  the  developing  thunderstorms.  The 
advantage  of  this  model  is  that  an  increase  in  thunderstorm  electrifi¬ 
cation  may  also  explain  the  observed  variation  in  some  atmospheric 
electrical  properties  during  solar  activity. 


An  inherent  problem  in  these  models  is  the  question  of  cloud 
electrification  processes.  Because  much  is  still  unknown  about  these 
processes,  it  is  unclear  whether  solar  activity  affects  cloud 
electrification  during  the  cloud's  initial  development,  during  the 
latter  stages  of  cloud  development  or  even  at  all.  This  problem,  along 
with  those  mentioned  by  Dressier  above,  is  the  reason  why  these 
mechanisms  (as  well  as  many  others)  are  speculative  at  this  time  and 
why  most  scientists  refuse  to  accept  them.  However,  Wilcox  (1974) 
reminds  us  of  past  history.  Lord  Kelvin,  in  his  presidential  address 
to  the  Royal  Society  in  1892,  emphatically  concluded  that  there  was  no 
connection  between  geomagnetic  storms  and  magnetic  waves  emanating  from 
the  Sun.  Today,  we  know  there  is  a  connection  between  magnetic  storms 
and  the  solar  wind.  Wilcox  (1974)  states:  "We  may  perhaps  learn  a 
lesson  from  history  at  this  point." 


APPENDIX 


REVIEW  OF  THE  SOLAR  MAGNETIC  SECTOR  BOUNDARY  STRUCTURE 

The  solar  wind  carries  the  magnetic  field  structure  radially 
outward  from  the  coronal  regions  of  the  Sun  (Fig.  A-l).  The  different 
polarities  of  the  interplanetary  magnetic  field  (IMF)  suggests  that  the 
solar  wind  emanates  from  coronal  holes  of  differing  magnetic  polarities 
(Svalgaard,  1974).  The  structure  rotates  with  the  27-day  period  of  the 
Sun  (however,  this  varies  with  solar  latitude)  with  narrow  boundaries 
separating  the  different  polarities  of  the  structure  (negative  IMF  is 
directed  towards  the  Sun  and  positive  IMF  away  from  the  Sun).  The 
boundaries  can  be  characterized  by  Archimedes  spiral  lines  coming  from 
the  Sun.  According  to  Svalgaard  (1974),  "the  flow  speed  and  magnetic 
field  strength  tend  to  be  a  low  near  the  sector  boundary,  rising  to  a 
maximum  one  or  two  days  after  the  boundary,  and  then  declining  towards 
the  end  of  the  sector."  The  boundaries  are  very  thin  and  can  be 


determined  to  within  a  fraction  of  an  hour  as  they  sweep  past  the  Earth 
(Wilcox,  1974). 
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structure.  The  solar  wind  carries  the  magnetic  f 
structure  radially  outward  from  the  coronal  regio 
the  Sun.  The  arrows  in  the  four  sectors  indicate 
Dredominant  direction  of  the  fit1  Id  (Markson,  1971 


REFERENCES 


Bossolasco,  M. ,  I.  Dagino,  A.  Elena  and  G.  Flocchini,  1973a:  The 
thunderstorm  activity  over  the  Mediterranean  area.  Rivista 
Italiana  di  Geofisca,  22 ,  21-26. 

Bossolasco,  M. ,  I.  Dagino,  A.  Elena  and  G.  Flocchini,  1973b: 

Thunderstorm  activity  and  interplanetary  magnetic  field.  Rivista 
Italiana  di  Geofisca,  22 ,  293-295. 

Chalmers,  J.A. ,  1957:  Atmospheric  Electricity,  1st  ed.,  pp.  30-31, 
Pergamon  Press,  New  York. 

Chamberlain,  J.W. ,  1977:  A  mechanism  for  inducing  climatic  variations 
through  the  stratosphere:  Screening  of  cosmic  rays  by  solar  and 
terrestrial  magnetic  fields.  J.  Atmos.  Sci.,  34,  737-743. 

Cobb,  W.E.,  1967:  Evidence  of  a  solar  influence  on  the  atmospheric 
electrical  elements  at  Mauna  Loa  Observatory.  Mon.  Wea.  Rev., 

95,  905-911. 

Danielsen,  E.F.,  1964:  Project  Springfield  Report,  Defense  Atomic 
Support  Agency  Report,  DASA  1517,  Washington,  DC,  97  pp. 

Danielsen,  E.F.,  1968:  Stratospheric-tropospheric  exchange  based  on 
radioactivity.  J.  Atmos.  Sci.,  25,  502-518. 

Danielsen,  E.F.,  1980:  Stratospheric  source  for  unexpectedly  large 
values  of  ozone  measured  over  the  Pacific  Ocean  during  Gametag, 
August  1977.  J.  Geophys.  Res.,  85,  401-412. 

Dickinson,  R.E.,  1975:  Solar  variability  and  the  lower  atmosphere. 
Bull.  Amer.  Meteorol.  Soc.,  56 ,  1240-1248. 

Dressier,  A.J.,  1974:  Some  problems  in  coupling  solar  activity  to 

meteorological  phenomena,  in  Possible  Relationships  Between  Solar 
Activity  and  Meteorological  Phenomena,  edited  by  W.R.  Bandeen  and 
S.P.  Maren,  NASA  SP-366,  National  Aeronautics  and  Space 
Administration,  Washington,  DC,  299-310. 

Ely,  J.T.A. ,  1984:  Cosmic  rays,  solar  activity,  magnetic  coupling, 
and  lighting  incidence.  NASA  Contractor  Report  3812,  14  pp. 

Evans,  .J.V.,  1982:  The  Sun's  influence  on  the  Earth's  atmosphere  and 
interplanetary  space,  Science ,  216,  467-474. 

Hale,  L.C. ,  L979:  Solar  modulation  of  atmospheric  electrification  and 
the  Sun-weather  relationship,  Nature,  278,  373-374. 


Hale,  L.C.,  1983:  Experimentally  determined  factors  influencing 

electrical  coupling  mechanisms,  in  Weather  and  Climate  Responses 
to  Solar  Variations,  edited  by  B.M.  McCormac,  Colorado 
Associated  University  Press,  309-322,  1983. 

Herman,  J.R.  and  R.A.  Goldberg,  1978a:  Sun,  Weather  and  Climate. 

NASA  SP-426,  National  Aeronautics  and  Space  Administration, 
Washington,  DC. 

Herman,  J.R.  and  R.A.  Goldberg,  1978b:  Initiation  of  non-tropical 
thunderstorms  by  solar  activity.  J.  Atmos.  Terr.  Phys.,  40, 
121-134. 


Hess,  W.N.,  G.D.  Mead  and  M.P.  Nakada,  1965:  Advances  in  particle  and 
field  research  in  the  satellite  era.  Rev.  Geophys.,  J3,  521-570. 

King,  J.W. ,  1973:  Solar  radiation  changes  and  the  weather.  Nature, 
245,  443-446. 

King,  J.W. ,  1974:  Weather  and  the  Earth's  magnetic  field.  Nature,  247 
131-134. 

Lethbridge,  M.  ,  1979:  Thunderstorm  frequency  and  solar  sector 
boundaries,  in  Solar-Terrestrial  Influences  on  Weather  and 
Climate,  edited  by  B.M.  McCormac  and  T.A.  Seliga,  Reidel 
Publishing,  Dordrecht,  Holland,  253-257. 

Lethbridge,  M. ,  1983:  Thunderstorm  frequency,  solar  sector  boundaries, 
cosmic  rays  and  superbolts,  in  Weather  and  Climate  Responses  to 
Solar  Variations,  edited  by  B.M.  McCormac,  Colorado  Associated 
University  Press,  461-467. 

Lethbridge,  M. ,  1986:  Personal  communication.  Department  of 
Meteorology,  The  Pennsylvania  State  University. 

Markson,  R. ,  1971:  Considerations  regarding  solar  and  lunar  modulation 
of  geophysical  parameters,  atmospheric  electricity  and  thunder¬ 
storms.  Pure  Appl.  Geophys.,  84 ,  161-202. 

Markson,  R. ,  1978:  Solar  modulation  of  atmospheric  electrification 
and  possible  implications  for  the  Sun-weather  relationship. 

Nature,  273,  103-109. 


Markson,  R. ,  1979a:  Atmospheric  electricity  and  the  Sun-weather 

problem,  in  Solar-Terrestrial  Influences  on  Weather  and  Climate, 
edited  by  B.M.  McCormac  and  T.A.  Seliga,  Reidel  Publishing, 
Dordrecht,  Holland,  215-232. 


Markson,  R.  ,  1979b:  Solar  modulation  of  atmospheric  electrification 
and  the  Sun-weather  relationship.  Nature ,  278 ,  373-374. 


Markson,  R. ,  1983:  Solar  modulation  of  fair-weather  and  thunderstorm 
electrification  and  a  proposed  program  to  test  an  atmospheric 
electrical  Sun-weather  mechanism,  in  Weather  and  Climate  Responses 
to  Solar  Variations,  edited  by  B.M.  McCormac,  323-343,  Colorado 
Associated  Press,  Boulder,  CO. 

Markson,  R.  and  M.  Muir,  1980:  Solar  wind  control  of  the  Earth's 
electric  field.  Science ,  208 ,  979-990. 

Ney,  E.P.,  1959:  Cosmic  radiation  and  the  weather.  Nature,  183, 
451-452. 

Park,  C.G.,  1976:  Solar  magnetic  sector  effects  on  the  vertical 

atmopsheric  electric  field  at  Vostok,  Antartica.  Geophys.  Res. 
Lett . ,  J3,  475-478. 

Pierce,  E.T.,  1986:  Storm  electricity  and  lightning,  in  Thunderstorm 
Morphology  and  Dynamics,  edited  by  Edwin  Keesler,  2nd  ed., 
pp.  227-285,  University  of  Oklahoma  Press. 

Reed,  R.J.,  1955:  A  study  of  a  characteristic  type  of  upper-level 
f rontogenesis .  J.  Meteor. ,  12 ,  226-237. 

Reiter,  E.R.,  1967:  Jet  Streams,  p.  158,  Doubleday,  Garden  City,  NY. 

Reiter,  R. ,  1972:  Case  study  concerning  the  impact  of  solar  activity 
upon  potential  gradient  and  air-Earth  current  in  the  lower 
troposphere.  Pure  Appl.  Geophys.,  94,  218-225. 

Reiter,  R. ,  1973:  Increased  influx  of  stratospheric  air  into  the  lower 
troposphere  after  Solar  H,,  and  X-ray  flares.  J.  Geophys.  Res.,  78 
6167-6172.  '  . 

Reiter ,  R.  ,  1976:  Increased  frequency  of  stratospheric  injections  into 
the  troposphere  as  triggered  by  solar  events.  J.  Atmos.  Terr. 
Phys. ,  38,  503-510. 

Reiter,  R. ,  1977a:  The  electric  potential  of  the  ionosphere  as  con¬ 
trolled  by  the  solar  magnetic  sector  structure.  Result  of  a 
study  over  the  period  of  a  solar  cycle.  J.  Atmos.  Terr.  Phys.,  39 
95-99. 

Reiter,  R. ,  1977b:  Stratospheric-tropospheric  exchange  influenced  by 
solar  activity.  Results  of  a  5  year  study.  Arch.  Met.  Geoph. 
Biokl.  ,  _26 ,  127-154. 

Reiter,  R.  ,  1979a:  Influences  of  solar  activity  on  the  electric 
potential  between  the  ionosphere  and  the  Earth,  in  Solar- 
Terrestrial  Influences  on  Weather  and  Climate,  edited  by 
B.M.  McCormac  and  T.A.  Seliga,  Reidel  Publishing,  Dordrecht, 
Holland.  243-251. 


79 


Reiter,  R. ,  1979b:  Influences  of  solar  activity  on  the  exchange  between 
stratosphere  and  troposphere,  in  Solar-Terrestrial  Influences  on 
Weather  and  Climate,  B.M.  M'-Cormac  and  T.A.  Seliga,  Eds., 

D.  Reidel  Publish.  Co.,  Dordrecht,  Holland,  289-296. 


Reiter,  R. ,  1979c:  New  results  regarding  the  influence  of  solar 

activity  on  stratospheric-tropospheric  exchange.  Arch.  Met.  Geoph. 
Biokl. ,  28,  309-339. 

Roberts,  W.D.  and  R.H.  Olsen,  1973a:  New  evidence  for  the  effects  of 
variable  solar  corpuscular  emission  upon  the  weather.  Rev. 

Geophys.  Space  Phys.,  11,  731-740. 

Roberts,  W.D.  and  R.H.  Olsen,  1973b:  Geomagnetic  storms  and  wintertime 
300-mb  trough  development  in  the  North  Pacific  -  North  American 
area.  J.  Atmos.  Sci.,  30,  135-140. 

Sartor,  D. ,  1980:  Electric  field  perturbations  in  terrestrial  clouds 
and  solar  flare  events.  Mon.  Wea.  Rev.,  108 ,  499-505. 

Schuurmans,  C.J.E.  and  A.H.  Oort,  1969:  A  statistical  study  of  pressure 
changes  in  the  troposphere  and  lower  stratosphere  after  strong 
solar  flares.  Pure  Appl.  Geophys.,  75,  233-246. 

Stringfellow,  M.F.,  1974:  Lightning  incidence  in  Britain  and  the  solar 
cycle.  Nature ,  249,  332. 

Svalgaard,  L. ,  1974:  Geomagnetic  responses  to  the  solar  wind  and  to 
solar  activity,  in  Possible  Relationships  Between  Solar  Activity 
and  Meteorological  Phenomena,  edited  by  W.R.  Bandeen  and 

S. P.  Maren,  NASA  SP-366,  National  Aeronautics  and  Space  Administra¬ 
tion,  Washington,  DC,  188-228. 

Turman,  B.N. ,  1977:  Detection  of  lightning  superbolts.  J.  Geophys. 

Res. ,  82,  2566-2568. 

Turman,  B.N.,  1979:  Lightning  detection  from  space.  Amer.  Sci.,  67, 
321-329. 

Uman,  Martin  A.,  1969:  Lightning ,  p.  2,  McGraw-Hill,  New  York. 

Volland,  H. ,  1979:  Possible  mechanism  of  solar  activity-weather 
effects  Involving  planetary  waves,  in  Solar-Terrestrial 
Influences  on  Weather  and  Climate,  edited  by  B.M.  McCormac  and 

T. A.  Seliga,  263-274,  Reidel  Publishing,  Dordrecht,  Holland. 

Vonnegut,  B. ,  1955:  Possible  mechanism  for  the  formation  of  thunder¬ 
storm  electricity,  in  Proceedings  on  the  Conference  on  Atmospheric 
Electricity,  edited  by  R.E.  Holzer  and  W.E.  Smith,  pp.  169-181, 

Air  Force  Cambridge  Research  Laboratories,  Bedford,  MA. 


Vonnegut,  B.,  C.B.  Moore,  R.P.  Espinola  and  H.H.  Blau,  Jr.,  1966: 

Electric  potential  gradients  above  thunderstorms.  J.  Atmos.  Sci. , 
23,  764-770. 

Wilcox,  J.M.,  P.H.  Scherrer,  L.  Svalgaard,  W.O.  Roberts,  and  R.H.  Olsen, 
1973:  Solar  magnetic  sector  structure:  Relation  to  circulation 
of  the  Earth's  atmosphere.  Science ,  180,  185-186. 

Wilcox,  J.M.,  1974:  Solar  activity  and  the  weather,  in  Possible 
Relationships  Between  Solar  Activity  and  Meteorological 
Phenomena,  edited  by  W.R.  Bandeen  and  S.P.  Maren,  NASA  SP-366, 
National  Aeronautics  and  Space  Administration,  Washington,  DC, 
24-44. 

Winstanley,  D. ,  1973:  Recent  rainfall  trends  in  Africa,  the  Middle  East 
and  India.  Nature ,  243 ,  464-465. 


